The measurement of the quantum energies of y-radiation has presented serious difficulties. Crystal diffraction is capable of high resolution and accuracy, but is at present applicable only when strong sources are available and for quantum energies of less than about 1-Ox 106 eV. When dealing with weaker sources the absorption method affords a convenient means of determining the energy of y-radiation if this should consist of a single line, but is unsatisfactory for the analysis of a more complex spectrum. A somewhat more reliable method is found in the determination of the energies of Compton recoil electrons produced by the radiation. Results obtained by simple absorption methods are again unsatisfactory in the case of complex spectra, but by obtaining curved trajectories in a magnetic field, the energies of the Compton recoil electrons may be more accurately estimated, and hence a knowledge of the quantum energies and relative intensities of the component radiations may be acquired. The recoil electrons may be detected in an expansion chamber or by Geiger-Muller counters. Of these, the counters have the great advantage of being practically con tinually " sensitive" , whereas the cloud chamber is sensitive only over a relatively short interval, and the difficulty of reducing the statistical fluctuations in the number of particles of different energies observed is correspondingly greater. The following paper describes results which have been obtained by the use of a " y-ray spectrograph" in which the magneti cally focused recoil electrons are detected by a system of Geiger-Muller counters.
/?-ray lines due to straggling and other effects (Ellis and Aston 1932) . By the use of very thin foils as the source of secondary electrons, this difficulty may be, to a very large extent, obviated, but the technique neces sitates a correspondingly large increase in source strength. At the present time, radioactive sources of the required intensity can seldom be produced, so that in most instances the less satisfactory method of employing thick emitters has to be rendered capable of sufficiently high resolution.
F ig u r e 1
Figure 1 is a diagram of a y -ray spectrograph which has bee function successfully in the study of various sources of y-radiation. The emitting surface is an aluminium plate at an angle of 20° to the vertical, and the electron beam produced here is focused on the slit S, which is from 2 to 3 mm. wide and 3 cm. long. Behind S are placed three very thin-walled counters Cx, C2 , Cs , of diameters 0-8,1 • 2 and 2 • 0 cm., which are arranged in such a way that the whole of the focused beam originating at P is just included within their volume. Three slits Sx,S2, S3 help to define the an of the beam and the lead core Pb is cut in such a way that it is impossible for a beam of secondary electrons emitted from any point, other than the plate P ,to be focused at S. The slit S2 is about 2T cm. high and the total width of the box is 4*0 cm .; with the magnet available this allows electrons of energies up to 16 x 106 eV to be bent into a semicircle of radius 6-8 cm.
The counters
Cx, C2 and C3 are made of aluminium foil 0-0008 cm. thick, and are supported in a block of P erspex: they are coupled to a set of three amplifiers and the coincidences are fed into a scale-of-two counter. The details of these circuits have been published elsewhere (Curran and Petrzilka 1939) . The whole box is filled with a m ixture of argon and alcohol, the total pressure being generally about 7 cm. The box could be exhausted through the tap J , which is also designed to operate a lead shutt in the path of the electron beam. A lead block B outside the spectrograph shields the counters from the direct action of the y-radiator. The source of y-radiation G is placed immediately above the focal line in the plate P . The steep inclination of this plate is convenient when the y-ray source is pro duced by the bombardment of elements with a horizontal magnetically resolved proton beam, in which case the target tube T (figure 1) is designed to fit accurately against P . At the same time the tilt of the plate permits of an increased area of secondary electron emission without loss in sharp ness of focus.
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E xperimental results
(a) Thorium G". As a test of the efficiency of the spectrograph, the spectrum of the secondary electrons produced from aluminium by the y-radiation from the active deposit of thorium was investigated. In this case the radiation consists mainly of a strong line at 2-65 x 106 eV and some much softer components. The experimental results are put forward in figure 2, where it is seen th a t the spectrum rises gradually to a maximum and then falls away steeply to a sharp end-point. Beyond the end-point there is detected a slowly decreasing number of electrons, but the break in the curve at the end-point may be very accurately determined, and corresponds to a quantum energy of (2-65 + 0-05) x 106 eV. The agreement with the known value is entirely satisfactory. A search coil, fixed in the field gap beside the box, was used to determine the field strength at each setting of the field current; the error in the measurement of field strength by means of the attached fluxmeter was less than 1 %, and the inhomo geneity of the field over the useful area of the box was less than 2 %. It is evident from the curve of figure 2 a th at the absorption of the electrons by the contained gas and the walls of the counters has seriously reduced the intensity of the soft components of the radiation. A lower limit to the electron energy which may be measured by the spectrograph is about 0-4 x 106 eV. The peak formed by the secondaries produced by the high energy radiation of ThC" is broad and this is mainly due to the fact th at the electrons are produced in a thickness of aluminium greater than their range. Two major factors which prevent the sharpening of this peak by decreasing the thickness of the emitter are ( ) the necessity of using much stronger sources of y-radiation, and (b) the emission of / source itself. The inhomogeneity of the Compton recoil electrons projected within the useful solid angle of the spectrograph is of the order of 5 % and does not contribute much to the breadth of the peak. Collimation of the y-ray beam falling on the plate P would help to sharpen the peak, but this again necessitates stronger sources than are at present available. It will be pointed out later th at in the analysis of the curves obtained with the spectrograph for sources emitting complex radiation, the thorium curve in figure 2 is used as a standard, and that for this purpose a plot of N/Hp as ordinate instead of the intensity N is more useful. Figure 2 , curve b, shows this ratio NjHp as a function of Hp, and this curve will be used subse quently in the analysis of the radiations of 24Na, 38C1 and 56Mn. It can be separated into three components. The major part is ascribed to the line of energy 2-65 x 106 eV, a second peak can be observed for an energy of 1*68 x 106 eV, and this is in agreement with previous work (Ellis 1934). A third component has an upper limit of 1-1 x 106 eV, but it is obvious that this part of the radiation is complex. Known nuclear energy levels suggest that radiation of energy 1*1 x 106 eV might be emitted by active thorium deposit. If the areas under the curves for the 1-68 and 2-65 x 106 eV lines are divided by the ranges of the recoil electrons produced by the radiations and the Compton scattering coefficients, the ratio 0-15 : 1 is obtained for the relative intensities of the lines. This is in satisfactory agreement with the previous estimate of 0-12 : 1 (Ellis 1934) and supports the use of this method of estimating intensity. o m a g n e t c u rre n t (am p.)
(6) Radio-sodium 24Na. The y-radiation from this source has been in vestigated by Richardson and Kurie using the expansion chamber (Richardson and Kurie 1936), and they report the existence of three lines of quantum energies 1*01, 2-04 and 3-00 + 0-05 x 106 eV of relative in tensities 1-05, 0-95 and 0*65. More recently Kikuchi et (1939) have in vestigated the y-ray spectrum using a magnetic spectrograph and their results indicate the presence of two strong lines at (1-49 + 0-05) x 106 eV and (2-97 + 0 0 7 ) x 106 eV, with a doubtful weaker line at 0-8 x 106 eV. Our results are in good agreement with these later observations. The secondary electron spectrum is shown in figure 3 and the quantum energies of the two outstanding components are 1*46 + 0-04 x 106 eV and 3*03 ± 0-05 x 106 eV.
An attem pt has been made to measure the relative intensities of the components by using the shape of the ThC" curve in figure 2 as a standard for a single y-ray line of energy about 2-5 -3 0 x 106 eV. With this assump-tion, the curve which would have been obtained had there been present only the 3-03 x 106 eV radiation was constructed, and by combining this with the experimental curve, it became apparent th at besides the y-ray line at 1-46 x 106 eV there was also a small quantity of radiation of energy in the region of 2-0 x 1()6 eV. The relative intensities of the three com ponents may be estimated from the area under each of the separate curves, but as pointed out in the case of ThC" there are three corrections to be made: (1) variation in the Compton scattering coefficient with quantum energy, (2) variation in the effective thickness of the emitter with electronrange, and (3) decrease in the " acceptance" of the spectrograph with in creasing field strength. The most convenient method of dealing with (3) is to replot the experimental curves of intensity N against Hp, with N /H p as ordinate in place of N. This is done in figure 4 , and after correction for the variations (1) and (2) Feather and Dunworth (1938) have suggested th at following the /? emission of 24Na, de-excitation of the 24Mg nucleus usually occurs in two stages from the level at 4-49 x 106 eV (previously determined as 4 x 106 eV by Richard son), by the emission of successive y-quanta of energy 1*46 x 106 eV and 3-03 x 106 eV, and more rarely by the emission of two quanta of energy about 2 x 106 eV. According to this picture it would be expected that the intensities of the 1-46 x 106 eV and 3-03 x 106 eV radiations would be equal. The experimental value of IT 7 for the ratio of these intensities is in fair agreement with this. The sum of the intensities of the quanta of energy about 2-0 x 106 eV is of the order of 25 % of that of the two stronger lines, a value not at all in agreement with that given by Richardson (1938) , whose results indicated a much higher yield of this radiation. However, Kikuchi et a l . (1939) failed to observe the presence of any radiation of energy between 1-5 x 106 eV and 3-0 x 106 eV, but it is possible that they might fail to observe it should the intensity be as low as the above analysis indicates. In connexion with the excitation level of the 24Mg nucleus at 4-49 x 106 eV, it is of interest to note that preliminary results obtained by the use of the spectrograph in the examination of the capture y-radiation emitted during bombardment of sodium with protons of energy 0-85 x 106eV (as in equation (1) 4-49 x 106 eV level in the excited 24Mg nucleus would appear to be forbidden and yet this radiation appears in the case of proton capture by 23Na. The upper limit to the quantum energy release in equation (1) with 0-850 x 106eV protons is about 11-2 x 106 eV (Curran and Strothers 1939), and hence it may be that the excited 24Mg nucleus returns to the ground state by the successive emission of two y-ray quanta of energies 4-5 x 106 eV and (11*2 -4-5) x 106 eV; this would require the existence of an excitation level at 7-3 x 106 eV in the 24Mg nucleus. Another possible explanation would be found in the existence of a double level at 4-5 x 1()6 eV in the 24Mg nucleus.
( c ) 56Mn. Sources of the radioactive isotope of manganese, 56Mn, pre pared in the Cambridge cyclotron by the bombardment of pure manganese dioxide with 2-4 /iA hr. of deuterons of energy 9 x 106 eV proved to be sufficiently strong to permit us to investigate the spectrum of the y-radiation emitted by the element. The half-life of the activity was checked during the experiment and was found to be 2-6 hr. in agreement with the known value. Previous investigations of this y-radiation by the absorption method (Livingood and Seaborg 1938) have shown that its average energy is 1*2 x 106 eY, and the half-value thickness for the absorp tion of the secondary electrons has given the value of l-6 5 x l 06 eV {Mitchell and Langer 1937). More recently Dunworth (1939) has shown th at the y-rays are not homogeneous and his results indicate the presence of y-rays of energy 1-7 and 0-6 x 106 eV. A typical curve obtained by means of the spectrograph is shown in figure 5 .
It is seen that two y-rays of energies (0-91 ± 0*05) x 106 eV and (2-03 + 0-05) x 106 eV are present. By carrying out an analysis similar to th at described in the case of 24Na (figure 4), and making the necessary corrections, the relative intensities of the two lines are found to be 1-4 : 1. This ratio probably indicates too low a value for the intensity of the soft radiation, since the slower electrons are more strongly absorbed by the counter walls and the gas in the spectrograph. An attem pt has been made to estimate the correction to be applied in order to allow for this effect and the corrected ratio of the intensities of the two components is approxi mately 2-1 : 1-0. Considering the rather large corrections to be made, this estimate of the relative intensities is not inconsistent with Dunworth's (1939) ratio of 2-5 : 1. The upper energy limit of the radiation has also been investigated by an absorption method, the recoil electrons producing coin cidences in two thin-walled Geiger-Muller counters being gradually ab sorbed out by aluminium sheets placed between the counters. A precise measurement was not possible as a well-defined end-point could not be obtained, but the result was in fair agreement with the value of (2-02 + 0-05) x 106 eV given above. Recent measurements carried out in this laboratory by Townsend* have shown that the difference in the upper energy limits of the /Cray spectra (Alichanian, Alichanow and Dzelepow 1935; Brown and Mitchell 1936; Gaerttner and Crane 1936) of 56Mn is in close enough agreement with our value from the y-ray measurements to support the view th a t the hard y-rays follow the emission of the soft /?-rays.
Hp x 103 (gauss-cm.)
Fluorine. The radiation emitted from fluorine during proton bom bardment has been the subject of several investigations. Early experi ments (Delsasso, Fowler and Lauritsen 1939) failed to decide whether the y-radiation consisted of a single line, or was more complex, but more recently Halpern and Cran'e (1939) have stated th at there is a single line at 5-8 x 106 eV. By the method of y-y coincidences we have been able to show that the radiation is in fact homogeneous. The energy spectrum of the secondary electrons produced by the y-radiation has been investigated by means of the spectrograph, and the results are shown in figure 6 .
The form of the curve is precisely that which would be expected if the radiation consists of a single line, and the quantum energy of the y-ray is determined as (6-5 ± 0-2) x 106 eV. To carry out this experiment targets of barium or calcium fluoride were deposited upon the target head of the tube T shown in figure 1, and were bombarded with a magnetically resolved proton beam. It was found that slight fluctuations in the position and in tensity of this beam, though too slight to be recorded by the usual current measuring meter, caused a considerable change in the strength of the m a g n et cu rren t (am p.) F ig u r e 6 effective y-ray source, and to overcome this difficulty a subsidiary Geiger counter was employed. This was placed close to the target head and was enclosed in an iron box to ensure efficient magnetic shielding. Using two scale-of-two counting meters, a count in the single counter was obtained over the same period as the triple coincidence count, and by plotting the ratio of these two counts as a function of Hp, the change in the source strength during the experiment was largely eliminated. It is this ratio which is plotted as the ordinate in figure 4 , where the energy of the bombarding protons is 7 x 105 eV.
It was shown also by means of the spectrograph that the quantum energy of the radiation remained unaltered when the bombarding proton energy was changed, and it was therefore suggested (Dee, Curran and Strothers 1939) th a t the radiation arises in the process 19F + X H -> (20Ne) -> 160 * + 4He
(2)
In the case of fluorine the analysis of the radiation by means of the spectro graph was greatly facilitated by the high yield, and if sufficiently intense radiations can be obtained from other capture reactions it will also be possible to investigate their energy spectra rapidly and with accuracy.
(e) Chlorine. The y-radiation from radio-chlorine, 38C1, has been in vestigated by Richardson (1936) , who reported the presence of a weak line of energy 2-5 x 106 eV and a strong line of energy 2*0 x 106 eV. The experi mental upper limit of the /?-ray spectrum (Kurie, Richardson and Paxton 1936) is 4-8 x 106 eV, but analysis of the spectrum shows th a t it consists of two components whose upper energy limits differ by about 3-7 x 106 eV so th a t the emission of radiation of total energy equivalent to this amount is to be expected. The sum of the energies of the two lines reported by Richardson (4-5 x 106 eV) does not agree with the known energy difference of the /?-ray limits (3-7 x 106eV), although agreement is obtained if the K.-U. limits* of the /^-spectra are employed. However, the assumption th a t the y-rays are em itted in cascade implies th a t their intensities should be equal, in disagreement with his measurements. The energy spectrum of the y-radiation has been measured by means of our spectrograph and the results are shown in figure 7. The source of 38C1 was prepared by bombardment of KC1 with 1 juA hr. of deuterons of energy 9*0 x 106 eV. The radio-chlorine was chemically separated and the period, determined simultaneously with the results of figure 7, was found to be 37*5 min. This was taken as adequate evidence of the purity of the radioactive preparation. The ordinates of figure 7 represent the ratio of triple coincidences to y-ray counts obtained simultaneously with a standard counter, correction for decay being thus eliminated. The statistical fluctuation is less than 5 % for each of the points.
From figure 7 we find that two strong y-ray lines are present, the energies being (1-65 + 0-05) x 106 eV and (2-15 + 0-05) x 106 eV. A plot of N/Hp against Hp shows th at the relative intensities of the two lines are 3 : 4, and at the same time it reveals the presence of some softer radiation. These facts are in better agreement with the /?-ray data. The sum of the two quantum energies 3-76 x 106 eV is approximately equal to the difference in the experimental values of the upper energy limits of the /?-ray spectra.* * T he K .-U . lim its o f th e sp e c tru m are 6T a n d 1-5 x 10® eV, a n d th e em ission o f q u a n tu m energy o f 4-6 x 10® eV, w hich is a p p re cia b ly larg er th a n th e v alu e o b ta in e d from our m easu rem en ts, is th erefo re to be expected . H o w ever, th e K .-U . lim it o f 6T x 10® eV is v ery m u ch g re a te r th a n th e o b serv ed lim it o f 4-8 x 10® eV.
The approximate equality of intensity of the two y-rays agrees with the assumption th a t they are emitted in cascade. A very small intensity of radiation of energy 2*6 x 106 eV is seen to be present. We are indebted to those in charge of the Cambridge cyclotron for the preparation of the radioactive sources. One of us (J.E .S .) is indebted to the Department of Scientific and Industrial Research and to Newnham College for the award of grants.
Summary
Using the method of semicircular magnetic focusing of secondary elec trons, it has been possible to construct an instrument which is suitable for the measurement of the quantum energies of y-radiation between the limits of about 0-5 and 16-0 x 106 eV, and which is capable of giving a reliable estimate of the relative intensities of the components of such radiation.
The detecting system consists of three thin-walled Geiger-Muller counters coupled to an amplifying system which records triple coincidences. The construction of the apparatus is such th a t it may be used for the analysis of /-radiation emitted during the bombardment of light elements by protons, as well as th a t em itted by radioactive sources.
The apparatus was standardized by using the -/-radiation from the active deposit of thorium. Its accuracy having been thus established, it was used in the investigation of the /-radiation from the sources 24Na, 56Mn and 38C1, and also the radiation em itted during the bombardment of fluorine by high-energy protons. The results are tabulated below:
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